Introduction
Defined as a glomerular filtration rate (GFR) of <60 mL/min per 1.73 m 2 of body surface area for 3 months or more, chronic kidney disease (CKD) is an important independent predictor of cardiovascular morbidity and mortality. 1 CKD affects $20 million adults in the United States, and the prevalence of CKD is estimated to be 8 to 16% worldwide. 2 Cardiovascular event rates increase 10% for every 10-unit fall in GFR below even 81 mL/min/1.73 sq m, 3 and CKD patients are $40 times more likely to suffer a cardiovascular event and $15 times more likely to die than they are to suffer progression to renal replacement therapy. 4 Furthermore, CKD substantially increases failure rates of coronary stenting 5 and aortocoronary vein grafts: among patients with vein grafts that are patent 1-11 years after implantation, CKD increases the subsequent vein graft failure rate by 62%. 6 This problem of vein graft failure in CKD patients is magnified by the observation that, in CKD patients, coronary artery bypass grafting appears to confer a lower long-term risk of myocardial infarction and revascularization than coronary stenting. 7 Vein graft failure initiates with neointimal hyperplasia, a process involving proliferation and migration of medial smooth muscle cells (SMCs) into the sub-endothelial intima as well as an accumulation of extracellular matrix in the neointima. 8 Vein graft neointimal hyperplasia has been shown to be exacerbated by inflammatory cytokines, 9, 10 and to predispose vein grafts to accelerated atherosclerosis. 11 Because elevated serum levels of pro-inflammatory cytokines are found in humans with CKD, 12 we hypothesized that inflammatory cytokines could mediate CKD-dependent acceleration of vein graft disease. To test whether identifying CKD-associated cytokines could facilitate therapies for CKDassociated vein graft disease, we used the 5/6ths nephrectomy model of CKD in mice and carotid interposition vein grafting.
Methods

Mice
C57BL/6 J mice were used in all experiments. All animal experiments were performed according to protocols approved by the Duke Institutional Animal Care and Use Committee; these protocols complied with the Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011).
Nephrectomy model of CKD
5/6ths nephrectomy was performed in two sequential operations, modified from published protocols. 13 Anesthesia with pentobarbital (50 mg/ kg i.p.) was used for all surgeries; see Supplementary material online.
After the second stage of the nephrectomy surgeries, mice recovered for 2 week before undergoing either GFR measurement or carotid interposition vein grafting. GFR Measurement was performed under 2% isoflurane anesthesia, as we described. 14 
Carotid interposition vein grafting
Interposition vein graft surgery was performed as we described. 15 Inferior venae cavae from WT donor mice were anastomosed end-toside to the right common carotid artery of 5/6ths or 1/3rd-nephrectomized recipient mice.
Histology
All measurements and calculations on histologic specimens were made by observers blinded to specimen identity. Vein graft morphometry was performed with NIH ImageJ as we have described. 9, 15 Immunofluorescence microscopy and data analysis with ImageJ were performed as we described. 9 The extent of vein graft re-endothelialization was determined as the percentage of luminal perimeter surfaced by von Willebrand factorpositive cells. 16 Toluidine blue staining for mast cells was performed as described. 17 Mast cells were identified by their metachromatic (purple) granules, which are distinct from the orthochromatic (blue) staining of all other cells. Mast cells were dichotomized as (a) quiescent, with densely packed granules in the cytoplasm, or (b) activated, or degranulating, with disgorged and loosely packed granules. 17 A minimum of 100 mast cells per specimen were counted.
Serum cytokine assays
Serum was harvested by ventricular puncture from pentobarbitalanesthetized mice at the indicated time points. Mouse sera were analysed with the Bio-Plex Pro TM Mouse Cytokine Assay and with an ELISA for serum amyloid A 18 (see Supplementary material online).
Systemic neutralization of IL-9
At 
Systemic treatment with cromolyn
To prevent mast cell degranulation in CKD mice, we treated mice with the mast cell stabilizer cromolyn. 17 One day prior to vein grafting, CKD mice were injected i.p. with either PBS or cromolyn (50 mg/kg). After vein grafting, mice were injected with cromolyn or PBS twice per week for 4 weeks, until vein graft harvest.
Endothelial and smooth muscle cell experiments
Mouse aortic endothelial cells (ECs) and smooth muscle cells (SMCs) were isolated by enzymatic digestion, then cultivated as we described. 20 ECs for proliferation experiments were grown in medium containing 20% (vol/vol) serum from 5/6ths-nephrectomized or 1/3rd-nephrectomized mice; SMCs used 10% mouse serum. At each proliferation time point, cells were quantitated with a dye-binding assay, as we described. 20 SMC proliferation and EC apoptosis assays were conducted ±IL-9 as described in Supplementary material online.
Human vein samples from arteriovenous fistulae (AVFs)
All procedures with human volunteers were approved by the Duke Institutional Review Board. Vein specimens were obtained by a single surgeon (J. H. L.) from five humans with end-stage renal disease when they underwent two-stage basilic vein transposition AVF surgery or radiocephalic AVF surgery. 21 Samples of 'native vein' were obtained during the initial construction of the AVF, and 'AVF vein' samples were obtained during the surgery to transpose the arterialized basilic vein.
Statistical analyses
All values were plotted in figures as means ± SE and cited in the text as means ± SD. GraphPad PrismV R software was used to perform t tests (for comparing two groups), or 2-way ANOVA with Sidak's post-hoc test for multiple comparisons. A P value of less than 0.05 was considered significant. To analyse data from serum cytokine assays, the distributions of each cytokine were examined. We made two comparisons of 'treatment' vs. 'control': (1) CKD mice vs. control-GFR mice, and (2) anti-IL-9-IgGinjected CKD mice vs. control IgG-injected CKD mice. We compared the medians between the treatment and control groups using the nonparametric Wilcoxon Test with exact P value calculation, under the null hypothesis that there was no difference between the treatment and control groups. A conservative multiple comparisons correction for 23 independent cytokines was used to indicate a significant test: P < 0.05/23, or P < 0.00217.
Results
CKD increases vein graft neointimal hyperplasia and inflammation
To model CKD in mice, we performed 5/6ths nephrectomy as described, 13 and assessed GFR 2 week later by FITC-inulin clearance.
Compared with sham-operated control mouse GFR, CKD mouse GFR was 60 ± 10% less ( Figure 1A )-a GFR reduction that models human chronic kidney disease stage 3.
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To determine the effect of CKD on vein graft disease, we performed carotid interposition vein grafting 15 on CKD and control-GFR mice, 2 week after 5/6ths or 1/3rd nephrectomy, respectively. Vein grafts were harvested 4 week post-operatively, and cross sections were evaluated by planimetry. 15 Although vein graft tunica media areas were equivalent in control-GFR and CKD mice, the neointimal area was 4 ± 0.5-fold larger in CKD mice ( Figure 1B and C) . Despite their larger neointimal areas, vein grafts from CKD mice demonstrated a structural composition comparable to that found in vein grafts from control-GFR mice, as judged by the prevalence of SMCs and the density of collagen I 20 (see Supplementary material online, Figure S1 ). However, the prevalence of proliferating SMCs was two-fold greater in vein grafts from CKD mice than in vein grafts from control-GFR mice (see Supplementary material online, Figure S1 ). Vein grafts from CKD mice also demonstrated ( Figure  1B and C) a $50% reduction in the degree of vein graft reendothelialization, which inversely correlates with vein graft neointimal hyperplasia. 16, 22 Because CKD is associated with increased plasma levels of inflammatory cytokines in humans, 12, 23 we tested whether vein grafts from CKD mice evinced greater levels of inflammatory signalling in the neointimal and medial layers. We adduced as evidence of inflammatory signalling the phosphorylation on Ser536 of the NFjB subunit p65; this phosphorylation is effected by IjB kinase-b, and augments NFjB transcriptional activity. 24 Whereas vein grafts from control-GFR and CKD mice showed equivalent expression of total p65 NFjB, vein grafts from CKD mice showed 75 ± 9% higher levels of phospho-p65(Ser536) (Figure 2) , and 60 ± 10% higher levels of p65 nuclear translocation (see Supplementary material online, Figure S2 ). Thus, vein grafts in CKD mice appeared to have more extensive activation of NFjB. Concordantly, vein grafts from CKD mice expressed $two-fold higher levels of the NFjB-dependent, 24 pro-inflammatory gene product VCAM-1 ( Figure 2 ), and showed $30% greater prevalence of adventitial macrophages-even though CKD and control vein grafts had equivalent levels of adventitial T lymphocytes (see Supplementary material online, Figure S1 ). Furthermore, vein grafts from CKD mice also had 60 ± 10% higher levels of TNF and 60 ± 10% greater expression of TNF receptor-1 (see Supplementary material online, Figure S1 ), which we previously found mediates most of the NFjB activation in vein graft SMCs. 9 Taken together, these data suggest that CKD engenders greater vein graft inflammation.
CKD augments serum IL-9 levels
Does increased vein graft inflammation in CKD mice result from higher levels of plasma pro-inflammatory cytokines? To address this question, we analysed individual sera from 9 control-GFR and 12 CKD mice, matched for age and sex. Sera were harvested 2 week after 5/6ths nephrectomy, at a time when serum amyloid A levels were equivalent in both CKD and control mice (1.13 ± 0.02 vs. 1.19 ± 0.03 mg/mL), and thus when CKD mice had recovered from post-op inflammation. 25 Of 23 Mice were subjected to 5/6ths nephrectomy (CKD) or sham surgery (control); 2 week later, they were injected with FITC-inulin and subjected to sequential blood collections at the indicated times after injection; plasma fluorescence at each time point is plotted for individual CKD and control mice, at left. GFR was calculated from these decay curves and plotted (right panel) as means ±SE from 4 mice in each group. Compared with control: *P < 0.05 (t test). (B), CKD and 1/3rd-nephrectomized (control) mice were subjected to carotid interposition vein grafting, and vein grafts were harvested 4 week later after perfusion fixation. (Figure 3 ). Of these, the cytokine with by far the greatest CKD-associated increment was interleukin-9 (IL-9) ( Figure 3) ; consequently, we focused on IL-9 in subsequent studies. Increased serum levels of IL-9 in CKD mice correlated with 3.0 ± 0.6-fold higher vein graft levels of IL-9 in CKD mice ( Figure 4 ). In addition, vein grafts from CKD mice demonstrated 1.7 ± 0.3-fold higher levels of the IL-9 receptor-a (IL-9Ra), which binds to and mediates signalling evoked by IL-9. 26 Because IL-9 is a critical growth factor for mast cells, 26 and because mast cells contribute to vascular inflammation in a variety of ways, 17 we asked whether at least some of the excess IL-9Ra-expressing vein graft cells in CKD mice were mast cells.
To address this question, we used three complementary approaches to quantitate the prevalence of mast cells in the adventitia, where, like others, 17 we found virtually all of the vein grafts' mast cells: (a, b) immunostaining for the mast cell-specific proteases tryptase (mouse mast cell proteases 6 and 7) 27 and mouse mast cell protease-5 (chymase), 27 as well as (c) histochemically staining for mast cells with toluidine blue 17 ( Figure 4) . By all three approaches, mast cells were 2-3 times more prevalent in vein grafts from CKD than from control-GFR mice ( Figure 4) . Furthermore, as assessed by toluidine blue staining, the prevalence of activated (degranulating) mast cells 17 was six-fold higher in vein grafts from CKD mice than from control-GFR mice ( Figure 4 ).
IL-9 promotes CKD-dependent vein graft disease through mast cell-dependent mechanisms
To discern whether IL-9 plays a causative role in CKD-induced vein graft disease, we injected CKD mice with IL-9-neutralizing or isotype control IgG for 4 week after vein grafting. Control IgG-injected CKD mice developed vein graft neointimal hyperplasia equivalent to that of untreated CKD mice (Figures 1 and 5) . Remarkably, anti-IL-9 IgG treatment neointima ('N') and media ('M'), and between media and adventitia ('A'), respectively. Scale bars = 50 lm. (C), Cross sectional areas for neointima, media, lumen and 'total vein' (excluding adventitia) were calculated by planimetry, and plotted as means ± SE from six mice in each group. 'Vein graft endothelialization' was calculated as the fraction of vein graft total luminal perimeter covered by vWF-positive (endothelial) cells, and plotted as the means ± SE from 6 mice in each group. Compared with control mice: *P < 0.05 (2-way ANOVA with post-hoc Sidak test). Figure S3 ). Renal function was equivalent, however, in anti-IL-9-treated and control IgG-treated mice, as judged by creatinine values 13 determined on post-mortem serum samples ($25 lmol/L). Thus, IL-9 appears to contribute substantially to CKD-dependent vein graft inflammation and neointimal hyperplasia.
Because anti-IL-9 IgG treatment so dramatically reduced CKDdependent vein graft inflammation and neointimal hyperplasia, we tested whether anti-IL-9 IgG treatment also reduced the CKD-dependent increase in the prevalence and activation of vein graft mast cells. In vein grafts from control IgG-injected CKD mice, the prevalence of mast cells was comparable to that found in untreated CKD mice ( Figures 5C and 4) . However, in vein grafts from anti-IL-9 IgG-injected CKD mice, the prevalence of mast cells was 45 ± 8% lower than it was in vein grafts from isotype control IgG-injected CKD mice. Furthermore, in vein grafts from anti-IL-9 IgG-injected CKD mice the prevalence of activated mast cells was 75 ± 6% lower than it was in vein grafts from control IgG-injected CKD mice ( Figure 5C ).
Anti-IL-9 treatment of our CKD mice reduced the serum levels of five cytokines, among the 23 cytokines assayed: levels of IL-9, IL-1a, IL-6, IL-10, and IL-12 were 30-60% lower in anti-IL-9-treated than in control IgG-treated mice (see Supplementary material online, Figure S4 ). Each of these cytokines is secreted by mast cells. 28 Thus, anti-IL-9 IgG treatment evoked changes in serum cytokine levels that are consistent with the changes it evoked in vein graft mast cell levels and mast cell activation.
To test more directly whether mast cell degranulation contributes to CKD-dependent vein graft disease, we treated vein-grafted CKD mice with cromolyn, an inhibitor of mast cell degranulation. 17 As compared with vehicle-treated CKD mice, cromolyn-treated CKD mice developed $40% less vein graft neointimal hyperplasia and demonstrated $50% more vein graft re-endothelialization (see Supplementary material online, Figure S5 ). However, unlike anti-IL-9 IgG therapy, cromolyn Figure S5C ). In contrast to anti-IL-9 IgG therapy, cromolyn therapy in CKD mice did not affect levels of 23 serum cytokines (see Supplementary material online, Figure S5D and data not shown). Thus, mast cell degranulation in CKD mice appears to augment vein graft neointimal hyperplasia and to inhibit vein graft re-endothelialization. CKD mice demonstrated impaired vein graft re-endothelialization, and this defect was substantially mitigated by treatment with anti-IL-9 IgG or the mast cell inhibitor cromolyn (Figures 1 and 5 ; see Supplementary material online, Figure S5 ). To address whether the serum of CKD mice could be directly toxic to ECs, we cultured mouse ECs in the presence or absence of serum derived from mice with either normal GFR or CKD, and quantitated EC number after 4 days. Serum from control-GFR mice promoted EC growth, but serum from CKD mice did not ( Figure 6 ). The addition of IL-9-neutralizing IgG to control-GFR mouse serum had no effect on EC proliferation. However, the addition of IL-9-neutralizing IgG to CKD mouse serum augmented EC proliferation ( Figure 6 ). Thus, it appears that CKD mouse serum may be directly toxic to ECs, and that part of this toxicity may be mediated by IL-9 itself. To test this possibility more directly, we cultured ECs in the absence or presence of the [IL-9] observed in CKD mouse serum (600 pg/mL). Under these conditions, IL-9 engendered a three-fold increase in EC apoptosis, judged by the prevalence of ECs positive for cleaved caspase-3 16 ( Figure 6B and C) . Despite the apparent toxicity to
ECs of CKD serum and IL-9, neither one adversely affected SMC proliferation ( Figure 6D and E).
To determine whether IL-9-related mechanisms could be involved in CKD-related vein neointimal hyperplasia in humans, we enrolled human subjects with chronic kidney disease stage V who were undergoing basilic vein transposition surgery to create arteriovenous fistulae (AVFs) for haemodialysis access (see Supplementary material online, Table  S1 ). 21 This surgery is performed in two stages; consequently, we were able to collect native vein during the first stage of the surgery and arterialized vein during the second stage of the surgery. 21 By using paired samples from each end-stage-CKD human subject, we were able to compare vein samples that were identical genetically but distinct by virtue of adaptation to haemodynamic conditions. With arterialization of the vein in these end-stage CKD subjects, there was a 45-65% increase in the expression of IL-9, IL-9Ra, and mast cell tryptase ( Figure 7 and see Supplementary material online, Table S1 ). These data are consistent with the possibility that IL-9 and mast cells may play a role in human CKD-dependent vein pathology in AVFs, in which vein neointimal hyperplasia is a principal cause of AVF failure. 21 
Discussion
This study provides the first direct evidence that CKD promotes vein graft disease, through mechanisms requiring IL-9 and mast cell activation. We found that either anti-IL-9 or mast cell-inhibiting interventions mitigated CKD-dependent vein graft disease and promoted vein graft reendothelialization in mice. Furthermore, the possibility that these findings pertain to human disease is suggested by our observation that IL-9 and mast cell prevalence both up-regulate in the arterializing vein of AVFs in humans with end-stage renal disease. That CKD promotes vascular disease generally is not only suggested by abundant observational data in humans [3] [4] [5] [6] but also directly demonstrated in animal models. With the 5/6ths nephrectomy model in Apoe -/-mice, CKD exacerbates atherosclerosis through mechanisms involving augmented hypercholesterolemia 29 and angiotensin II-promoted LDL oxidation. 30 However, the pro-atherogenic role of CKD-augmented cytokine levels has not been dissected from the role of CKD-augmented hypercholesterolemia in the pathogenesis of accelerated atherosclerosis. 13 Although they differ substantially from vein grafts haemodynamically because they carry > _3 times more blood flow, 31 AVFs have been used in mice to demonstrate the effects of CKD on vein arterialization. CKD Figure 5 IL-9 promotes CKD-induced vein graft disease and augments mast cell prevalence in CKD mouse vein grafts. Mice were subjected to 5/6ths nephrectomy and vein graft surgery as in Figure 1 . At the time of vein graft surgery, mice were injected with hamster IgG 2 /j-either anti-IL-9, or isotype control: 50 lg i.v. plus 250 lg i.p., followed by 300 lg i.p. 3Â/week until vein graft harvest 4 week post-op. (A), Serial sections of perfusion-fixed vein grafts were stained with a modified trichrome or, immunofluorescently, for von Willebrand factor (vWF, green) and Hoechst 33 342 (blue, DNA). Scale bars = 200 lm.
(B), The indicated cross sectional areas were calculated as in Figure 1 and plotted as means ± SE from seven mice in each group. 'Vein graft endothelialization' was calculated as in Figure 1 , and plotted as means ± SE from five mice in each group. Compared with control mice: *P < 0.01. (C), The prevalence of quiescent and activated mast cells in vein grafts were assessed by toluidine blue staining, as in shRNA, 37 heme oxygenase activity, 31 and inhibition of endothelial cell Notch signalling. 34 Our study extends these previous studies by demonstrating that CKD also potentiates neointimal hyperplasia and endothelial toxicity in vein grafts, and that it does so largely by augmenting IL-9 levels. IL-9 is a 14.2 kDa polypeptide ($32 kDa when fully glycosylated) secreted by CD4 þ T cells (Th9, Th2) and, to a lesser degree, granulocytes and mast cells. 26, 38 By binding to its heterodimeric receptor comprising the IL-9Ra and the common c-chain receptor, IL-9 affects mast cells, lymphocytes (Th2, Th9, Th17, Treg, B cells), airway epithelial cells and SMCs. 26, 38 IL-9 is a critical growth factor for mast cells; it also promotes proliferation of B lymphocytes and eosinophils.
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Whereas IL-9 is important for immunity to parasites, it also contributes to allergic inflammation 38 and perhaps to other diseases: levels of IL-9 are elevated in the plasma of humans with atherosclerosis and in human atherosclerotic plaques 39 ; the prevalence of (IL-9-secreting) Th9 cells among all CD4 þ lymphocytes is higher among acute coronary syndrome patients than among control subjects 40 ;
and IL-9 promotes atherosclerosis in Apoe -/-mice. 40 Although CKD elevates plasma IL-9 levels in mice ( Figure 3 ) and may elevate plasma levels of IL-9 in diabetic humans, 41 it remains to be determined how CKD elevates plasma IL-9 levels: by augmenting IL-9 secretion from particular cell types, by reducing glomerular filtration of IL-9, or through a combination of these processes.
The role of mast cells in vascular diseases has been explored with a variety of models. In dinitrofluorobenzene-sensitized Apoe -/-mice, systemic or focal activation of mast cells augments atherosclerosis through mechanisms that can be inhibited by cromolyn and that appear to involve mast cell-dependent increases in leucocyte adhesion and plaque microvessel permeability. 17 Jugulocarotid AVFs develop markedly less vein neointimal hyperplasia in mast cell-deficient 42 c-Kit W/Wv mice than in cognate wild-type mice. 43 Congruent with these findings-and with our ) are $50% more numerous in arterialized veins of human brachiobasilic AVFs than in corresponding native veins harvested from the same subjects. 43 In carotid interposition vein grafts, cromolyn has been used to reduce total wall thickness of vein grafts placed in Apoe -/-mice. 44 However, this study's vein graft model is of questionable relevance to vein grafts placed in humans: the vein grafts use end-toend vein-to-artery attachments achieved by slipping the vein (telescopically) over the carotid artery's cut ends, which have been everted over polyethylene tubing segments, and then tying the veins in place with circumferential ligatures (rather than sutured anastomoses); consequently, neointimal hyperplasia in this model is exceptionally aggressive (discussed in Ref. 15 ). In contrast, our vein grafts employ sutured, end-toside vein-to-carotid anastomoses that model surgery performed on human subjects. 15 CKD reduced vein graft re-endothelialization in our vein graft model, and re-endothelialization correlated inversely with the degree of vein graft neointimal hyperplasia. Similarly, CKD delays re-endothelialization of jugular veins used in AVFs of mice undergoing 5/6ths nephrectomy, 33 and reduces endothelial barrier function. 34 In our CKD mice, anti-IL-9 IgG and cromolyn therapies both augmented vein graft re-endothelialization and diminished neointimal hyperplasia. These findings accord with our previous work: by genetically manipulating TNF receptors 9, 16 or by administering endothelial cells intravenously, 22 we found that accelerating vein graft re-endothelialization diminishes neointimal hyperplasia. CKD-associated endothelial deficits may help to explain why our CKD mouse vein grafts demonstrate IL-9 immunostaining throughout the neointima, media, and adventitia ( Figure 4 , see Supplementary mate rial online, Figure S3 ), even though the primary IL-9-responsive mast cells and primary IL-9-producing T lymphocytes reside almost exclusively in the adventitia (see Supplementary material online, Figure S1 ). Plasma IL-9-at levels five-fold higher in CKD than in normal mice-permeates the damaged vein graft endothelium and diffuses throughout all layers of the vein graft. The resultant high level of vein graft IL-9 does not appear to promote SMC proliferation ( Figure 6 ), but does promote adventitial mast cell proliferation and degranulation ( Figure 5 ), a process that itself could subsequently promote SMC proliferation by increasing vein graft levels of TNF 9 (see Supplementary material online, Figure S1 ), among other cytokines that can promote neointimal hyperplasia. 27 In addition, mast cell protease-5 ('chymase') activates transforming growth factor b1 and angiotensin II, 45 both of which contribute to neointimal hyperplasia in a variety of models. [46] [47] [48] Indeed, inhibiting mast cell chymase reduces canine arteriovenous fistula neointimal hyperplasia. 49 Whether targeting IL-9 therapeutically will prove practical in reducing vein graft disease or arteriovenous fistula vein disease in humans with CKD remains to be determined.
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Conflict of interest: none declared. Table S1 ). (A), Serial frozen sections were stained with trichrome (bottom) or, pairwise, with primary IgGs targeting IL-9, IL-9Ra, mast cell tryptase, or no particular protein (Control); sections were counterstained with Hoechst 33 342 (DNA, blue). 'L' designates the luminal surface. Scale bars = 100 lm for immunofluorescence panels and 500 lm for the trichrome panels. Shown are images from Subject 3 (see Supplementary material online, Table S1 ); the boxed areas indicate the regions imaged for immunofluorescence. (B), From five independent pairs of native and AVF vein specimens, protein immunofluorescence from three random 200Â fields was quantitated as in Figure 2 , normalized to values obtained for the native vein, and plotted as means ± S.E.
Compared with values from the native vein: *P < 0.05.
